Thermal failure of SiC particulate-reinforced 6061 aluminum alloy composites induced by both laser thermal shock and mechanical load has been investigated. The specimens with a single-edge notch were mechanically polished to 0.25 mm in thickness. The notched-tip region of the specimen is subjected to laser beam rapid heating. In the test, a pulsed Nd:glass laser beam is used with duration 1.0 ms or 250 s, intensity 15 or 70 kW/cm 2 , and spot size 5.0 mm in diameter. Threshold intensity was tested and fracture behavior was studied. The crack-tip process zone development and the microcrack formation were macroscopically and microscopically observed. It was found that in these materials, the initial crack occurred in the notched-tip region, wherein the initial crack was induced by either void nucleation, growth, and subsequent coalescence of the matrix materials or separation of the SiC particulate-matrix interface. It was further found that the process of the crack propagation occurred by the fracture of the SiC particulates.
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I. INTRODUCTION
OVER the last decade, the desire for lighter materials with high specific strength and stiffness has led to the development of a range of composite materials as serious alternatives to traditional engineering alloys. Particular interest in the aerospace industry has been directed toward ceramic-reinforced metal matrix composites (MMCs). For applications where high strength and modulus are required, especially at elevated temperatures, for example, in aeroengines, interest has centered around continuous fiber-reinforced titanium alloys. [1] Where less extreme properties are required, however, lower cost aluminum matrix reinforced with a discontinuous phase in the form of particles or whiskers has been the subject of increasing investigation. [2, 3, 4] These materials have the additional advantages of superior mechanical properties (such as high specific elastic modulus, high specific yield strength, and good wear resistance) and alloying fabrication by conventional metallurgical and mechanical processes. [5, 6] In this area, SiC has become the main candidate for use as a reinforcing material. SiC exhibits good thermal conductivity and chemical compatibility with aluminum, forming an adequate bond with the matrix, without developing embrittling intermetallic phases if long periods of liquid metal contact are avoided, e.g., by powder or spray forming, [7] and thereby offering significant advantages over competitors such as boron, graphite, and alumina.
However, it is well known that in aerospace engineering, many structural components are subject to severe thermal loadings that may be produced by aerodynamic heating, by laser irradiation, or by localized intense fire. [8, 9] Thermal shock may give rise to intense thermal stresses in the com- ponents around cracks and other kinds of defects and especially in the components of ceramic-reinforced MMCs as a result of the thermoelastic mismatch in the metal and ceramic. The concentration of thermal stresses around defects often results in catastrophic failure. The development of a general methodology for durability and damage analysis for aerospace structures exposed to intense thermal shock will require a materials property database at elevated temperatures, a fracture mechanics solution technique for determining thermal stress intensity factor, and studies of fracture behavior. [9, 10, 11] Although the problem is very complicated, the present investigation experimentally examines the fracture behavior of SiC particulate-reinforced 6061 aluminum alloy under laser thermal shock.
II. EXPERIMENTAL PROCEDURE

A. Thermal Shock System
Thermal shock is generated by an incident laser beam that impinges normally to a single-edge notched specimen. The energy of the laser beam ranges from 1 to 5 J, with an intensity of the order of 1.0 ϫ 10 4 to 9.0 ϫ 10 4 W/cm 2 . It is a single pulse Nd:glass laser with a wavelength of 1.06 m. [12] The diagnostics of the laser parameters provide a traditional monitoring of the laser beam characteristics, such as energy, temporal, and spatial shapes. A photoelectric cell with the corresponding response time of less than 1.0 ns was used to measure the temporal shape of the laser beam. The spatial shape of the laser intensity was detected by a charge-coupled device sensor. In the experiment, the temperature rise on the rear surface was measured using a focused, imaging system of infrared detectors, [13] of which the focusing system was designed to be different from that used by Hartley et al. [14] and Zehnder and Rosakis. [15] The detailed information on the temperature measurement will be given elsewhere.
In the experiment, the pulsed Nd:glass laser beam with a full width at half of the maximum (FWHM) of 1.0 ms or 250 s is used to generate the thermal shock. Figure 2 , where r and a are the radial distance and the radius of the laser spot, respectively. The spatial distribution of the laser intensity is non-Gaussian, but roughly uniform within the laser irradiated region, and declines very sharply toward the edge where the laser spot terminates. For the convenience of numerical analysis, the laser intensity I is approximated by
where ␣ and ␤ are experimentally determined and equal to 1.5 ϫ 10 4 /s and 8.0 ϫ 10 4 /s, respectively. Therefore, the laser energy E J ϭ ␤a 2 I max /␣(␣ ϩ ␤) and we have
and f(r) ϭ to account for the non-Gaussian and Gaus-2 Ϫ(r/a) e sian nature of the laser beam, respectively. As shown in our previous investigation, [9, 27, 28] the laser beam with different spatial distributions will produce different damage modes.
However, in this study, the laser beam with the non-Gaussian spatial shape results in the distinct stress distributions, as analyzed in the Section IV.
B. Specimen Preparation and Description of the Problem
SiC particulate/6061 Al composite is chosen as a model MMC system for this study, and its material properties are given in Table I . [6, 25, 26] The composites with 15 wt pct SiC were fabricated by a melt casting route, and as-cast ingots of the composite were subsequently extruded. As-extruded SiC/Al composites were all solution treated at 530 ЊC and then quenched from 530 ЊC to room temperature. The samples were cut from the hot-pressed billets with dimensions of 20 ϫ 8 ϫ 0.25 mm. The test samples were the singleedge notched specimen and were placed in the static tensile machine. So the thermal failure is induced by both laser thermal shock and far-field mechanical load. Figure 3 is a schematic of the specimen configuration and dimensions. The starter notch was made with an electric discharge machine, as shown in Figure 3 . The rear surface of the notched specimen, was polished and examined using both optical microscopy and scanning electron microscopy (SEM), and the front surface of the specimen was irradiated by the laser beam. The notched-tip region is subjected to laser beam heating ( Figure 3(b) ). 
III. EXPERIMENTAL RESULTS
A. Macrophenomena and Threshold Intensity
The macrophenomena and threshold intensity are given in Table II for the thermal failure of SiC particulate-reinforced 6061 aluminum alloy composites induced by both laser thermal shock and far-field mechanical load. The mechanical load is tensile stress of 36.7 MPa, and the laser spot size is 5.0 mm in diameter. According to the test data given in Table II , when only the mechanical loading exists and the laser beam thermal shock is absent, no visible macroscopic damage is observed on the rear surface of the specimen. On the other hand, when the laser energy density is lower than 10.8 and 14 J/cm 2 for 1.0 ms and 250 s FWHM laser beam, respectively, and the mechanical tensile stress is 36.7 MPa, we do not observe the macroscopic damage on the rear surface of the specimen. When the laser energy density is gradually increased, the damage is more and more serious. The specimen is totally fractured as the laser energy density is increased to 17.2 and 22.3 J/cm 2 for 1.0 ms and 250 s FWHM laser beam, respectively. It is noted that the laser intensity threshold value I cr for the specimen fractured is different for 1.0 ms and 250 s FWHM laser beam. In this case, the other parameters, such as specimen dimensions, laser spot, and mechanical loading, are the same. Figure 4 (a) shows that SiC particulates with average size 10 m are distributed uniformly throughout the aluminum matrix. This uniformity of microstructure is believed to be responsible for the isotropic nature of mechanical properties. [16] It is also noted in Figure  4 Figure 4 (a) and the matrix around the SiC particles is rough in Figure 4 (b). The significance of the roughness is that there is apparent deformation induced by the laser heating. The surface is either relief or roughness as a consequence of the local deformation around the particles. It appears that the macroscopic surface has curvature and that is the reason that only a small region is in focus. Figure 5 shows the SEM of microvoids in the notchedtip region with a laser energy density of 13.4 J/cm 2 and FWHM of 1.0 ms. It is observed that the voids occur in the form of interfacial debonding between the particles and the matrix. In order to understand the initial damage behavior of SiC particulate-reinforced 6061-Al matrix composite induced by laser beam thermal shock, the laser beam irradiated region deviates from the notched-tip region, as shown in Figure 3(c) . In this case, the radial crack appeared around the periphery of the laser beam, as shown in Figure  6 . The radial crack occurs by the void nucleation and growth within the matrix and decohesion at the interface between the particle and the matrix. Little SiC particle fracture is observed in Figure 6 . When the reinforcement SiC particle is at the crack tip, the SiC particle does not fracture and resist the crack propagation. One can conclude that the initial damage may be produced in the form of the separation of the SiC particle-matrix interface or in the form of void nucleation and growth within the matrix. The onset (b) In the notched-tip region, the voids appear, which occur in the form of interfacial debonding between the particles and the matrix, as shown in Figure 5 .
Damage initiation and radial crack
(c) Macrocracking is observed in the notched-tip region and the macrocrack is 0.13 mm in length, as shown in Figure 7 (a).
(d) The sample is totally fractured.
(e) The laser irradiated region is away from the notched-tip region, as shown in Figure 3 (c). The radial cracks are observed around the periphery of the laser beam, as shown in Figure 7 (a).
(f) Macrocracking is observed in the notched-tip region and macrocrack is 0.1 mm in length, as shown in Figure 6 . and progression of this ductile matrix failure are influenced by the development of local plastic strains and hydrostatic stresses during the coupled loading both with the laser thermal shock and the far-field mechanical load. The initial damage is similar to the fatigue fracture behavior. [17] 3. Characteristic of microcracks and macrocrack When the energy density is increased to 15.9 and 17.8 J/cm 2 for 1.0 ms and 250 s FWHM laser beam, respectively, the microcracks formed in the notched region grew into macroscopic cracks. Low-magnification scanning electron micrographs of macrocracks in the notched-tip region are shown in Figure 7 . This corresponded to a laser energy of 3.13 J, an FWHM of 1.0 ms, and an intensity of 15.9 kW/cm 2 for Figure 7 (a) and a laser energy of 3.5 J, an FWHM of 250 s, and an intensity of 17.8 kW/cm 2 for Figure 7 and 8 that reinforcement SiC particle fracture is the dominant damage mechanism. The reinforcements are broken by cracks perpendicular to the loading axis, and the fraction of broken reinforcements increases near the crack tip zone, as shown in Figure 9 . Note that the SEM in Figure 9 is distinct from the SEM in Figure 6 in damage mechanism.
C. Crack Propagation
The presence of SiC reinforcement is typically detrimental to the fracture resistance of a composite material due to the addition of reinforcement fracture, reinforcement/matrix interface decohesion, and matrix failure and/or reinforcement decohesion and/or reinforcement fracture within the clusters to the failure mechanisms of the unreinforced aluminum alloy. Figure 8(b) shows the typical process of crack propagation. Arrow A in Figure 8(b) indicates the voids within the matrix that develop in the form of nucleation, growth, and coalescence. In this case, the fracture is ductile. Figure 8(b) indicates the fracture of the reinforcement SiC particle, and the main crack propagates through the fracture particle. In this case, the fracture is in the form of brittleness. Arrow C in Figure 8(b) indicates the voids associated with cavity nucleation by decohesion at the interface between the SiC particle and the matrix.
Arrow B in
IV. DISCUSSION
A. Temperature Rise and Temperature Rise Rate
Surface and internal temperatures in the composite materials can be determined by the diffusion:
where r is the coordinate in the radial direction, t is time, (r,t) is the temperature rise, and the reflection coefficient R 0 is experimentally determined and equals 0.4 approximately. In formulas, k, , C p , and h are the thermal conductivity, density, specific heat capacity of materials, and thickness of the plate, respectively. During the period of laser irradiating, the thermal conductivity effect can be ignored. Therefore, the temperature rise is approximately
C ha p and the temperature rise rate is approximately 
B. Thermal Mismatch Induced Deformation
It is well known that the thermal or elastic constants are very different for the SiC ceramic and aluminum alloy. The material properties are given in Table I . It is noted that the mismatch in the thermal expansion coefficients between the matrix and the reinforcing phase is very large. In this case, changes in temperature lead to different deformations for the SiC particle and the metal matrix. The strain and strain rate of the SiC particle are, respectively, 2.24 ϫ 10 Ϫ4 to 3.57 ϫ 10 Ϫ4 and 0.224/s to 0.357/s for 1.0 ms FWHM laser beam. The strain and strain rate of the SiC particle are, respectively, 2.91 ϫ 10 Ϫ4 to 4.63 ϫ 10 Ϫ4 and 1.16/s to 1.85/s for 250 s FWHM laser beam. However, the strain and strain rate of aluminum alloy are, respectively, 1.23 ϫ 10 Ϫ3 to 1.96 ϫ 10 Ϫ3 and 1.23/s to 1.96/s for 1.0 ms FWHM laser beam. The strain and strain rate of aluminum alloy are, respectively, 1.6 ϫ 10 Ϫ3 to 2.54 ϫ 10 Ϫ3 and 6.37/s to 10.15/s for 250 s FWHM laser beam. The mismatch in the elastic constant between the matrix and the reinforcing phase may induce the SiC particle to deform elastically and the matrix to deform plastically. This causes the localized residual deformation for matrix to be much larger than that for the SiC particle. In consequence of the local deformation around particles, it appears that the macroscopic surface has curvature. So we observed that the matrix around the SiC particles is polished in Figure 4 (a) and the matrix around the SiC particles is rough in Figure 4 (b).
C. Damage Initiation
Thermal shock is generated by irradiation of the center of the sample. The spatial profile of temperature distribution is influenced definitely by the spatial shape of the laser beam. Therefore, different spatial shapes of laser beam lead to different temperature distributions, even though the net energy and duration are the same. For a non-Gaussian type laser, as shown in Figure 2 or indicated by Eq. [2] , the spatial distribution of the temperature is uniform within the laser irradiated region and declines very sharply toward the edge, where the laser spot terminates. [13] This means that temperature at the center of the specimen is much high than that at the outer rim. The induced higher thermal expansion in the sample center is constrained by the cooler edge, causing tensile hoop stresses at the edge and tangential and radial compressive stresses in the center. The thermal stresses satisfy the conditions of force and momentum equilibrium. The linear elastic solution for radial and tangential thermal stresses rr (r, t) and (r, t) has the following form:
where the Young's modulus and thermal expansion coefficient are denoted by E and ␣, respectively. Therefore, as shown in Figure 6 , the radial crack is induced by the tensile hoop stresses at the edge when the laser heating region is deviated from the notched-tip region (Figure 3(c) ). Also, as the notched-tip region is subjected to laser beam heating, the tensile hoop stresses coupled with the far-field mechanical loading cause the stress concentration in the notched-tip region. As shown in Figure 5 , the initial damage takes place in the notched-tip region. One can conclude that microcracking may appear without the notch stress intensity. However, the notch is necessary to provide a microcrack path for formation of a macrocrack and drives crack propagation.
D. Mechanism of Crack Formation and Propagation
As previously described, the initial crack is produced by the mechanism of void formation in the matrix and separation of the SiC particle-matrix interface, while the crack propagation is dominated by SiC particle fracture. Why is there a difference between the damage mechanism for crack formation and crack propagation?
It is well known that the reinforcement of a hard ceramic in a soft metallic matrix produces composites with substantially higher yield strength compared to that of the matrix. In earlier investigations, the strengthening effect is primarily attributed to two factors. Nardone et al. [18, 19] proposed a modified shear lag (MSL) model based on the shear lag theory, ascribing the entire strengthening effect to the load bearing feature of the hard reinforcement. On the other hand, Arsenault et al. [20] mainly attributed the strengthening to the enhanced strength of the matrix effected by the increase in the dislocation density in the matrix by a few orders of magnitude.
The composite sphere, in its most general form, is assumed to comprise three zones ( Figure 10 ): elastic reinforcement, surrounding matrix plastic, and outer elastic. According to the MSL theory, a tensile radial stress rr is generated at the interface of an elastic inclusion in a plastic zone (Figure 10 ), and it is developed across the interface, which is given by [21, 22] ϳ(ε ) ϩ [8] rr p T where (ε p ) is the matrix yield stress at the plastic strain loading attained adjacent to the particle, and T is any tensile hydrostatic stress developed in the neighborhood of the particle.
On the other hand, ceramic reinforcements, when incorporated into aluminum matrices, can introduce flaws into the matrix and premature failure of the composites. [23, 24] The flaws can cause significant stress concentrations and local biaxial or triaxial stresses in the vicinity of the defect; the magnitude of the stress at the crack tip is highly dependent on geometry. The applied stress, defect size, and geometry are often related by the equation
where K I is the stress intensity factor in mode I, rr is the applied stress, c is the depth of penetration of the surface crack, and Y is a constant that depends on the crack opening mode and crack shape. So far, when K I is less than K Ic , which is a constant of reinforcement material and a measure of fracture toughness, the SiC particles do not fracture and either the matrix or the interface of particle-matrix may fail for the large localized stresses. When the MMCs are subjected to laser beam heating, the strength of the matrix will be degraded at el-evated temperatures. In other words, the matrix yield stress (ε p ) decreases. In this case, the particle loading through the interface, rr , is so low that the SiC particle cracking does not take place. But the localized thermal stresses due to the rapid changes in temperatures may lead to the nucleation of microcracks within the matrix/reinforcing phase interface or in the matrix. More commonly, however, these thermal stresses lead to the growth of pre-existing cracks. If the applied stress is sufficiently large, these microcracks may grow into macroscopic cracks and lead to the propagation of the macrocrack.
As we know, the strain rate at the crack tip is very high in the case of macrocrack propagation. As a result of the high strain rates or the matrix hardening, the matrix yield stress (ε p ) increases significantly. Equivalently, the tensile radial stresses rr are so high that the stress intensity factor K I may exceed the SiC particle strength, i.e., the Griffith criterion.
In brief, the difference in the damage mechanism between crack formation and crack propagation is due to the matrix degradation or the matrix hardening.
V. SUMMARY
The thermal failure of SiC-particle-reinforced 6061-Al matrix is studied. The threshold intensity for the laser beam thermal shock loading coupled with the far-field tensile stresses causing the MMC fractures is measured. Also, the thermal shock behavior of MMCs is determined via the macroscopic and microscopic observation of the crack-tip process zone development and the initial microcrack formation. It is shown that in these materials, the initial crack occurs in the notched-tip region, wherein the initial crack is induced by either the void nucleation, growth and subsequent coalescence of the matrix materials, or separation of the SiC particulate-matrix interface. It is further found that the process of the crack propagation occurs by the fracture of the SiC particulate. The difference in damage mechanism between the crack formation and crack propagation is discussed. It is proposed that at the early stage of laser irradiating the low yield stress of the matrix induces the particle loading to be low and the voids appear in the matrix or within the interface of the particle/matrix. Once the microcracks grow into macroscopic cracks, the hardening of the matrix due to the high strain rate in the case of macrocrack propagating causes high particle loading that exceeded the particle strength and causes the particle to fracture.
